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The ever-increasing global energy demand and the mounting environmental concerns caused by the
increasing consumption of fossil fuels call for more and more utilisation of sustainable energy sources
such as biomass. Many medium- and large-scale biomass-ﬁred combined heat and power (CHP) plants
have been demonstrated and commercialised in many parts of the world, such as several European coun-
tries and China. However, few biomass-fuelled micro-scale CHP (1–10 kWe) systems suitable for domes-
tic applications have been demonstrated or commercialised. This paper presents the preliminary results
of an experimental investigation on the biomass-ﬁred organic Rankine cycle (ORC)-based micro-CHP sys-
tem currently developed by the authors. The biomass-ﬁred ORC-based micro-CHP systemmainly consists
of a biomass boiler, an evaporator, an ORC expander, an alternator, a heat recuperator and a condenser.
The heat of biomass combustion in the boiler is used to generate hot water, which is then used to heat
and vaporise the organic working ﬂuid through the evaporator. The organic ﬂuid vapour drives the
expander to rotate an alternator, producing power. The expanded organic ﬂuid vapour leaving the expan-
der ﬁrst passes through the heat recuperator and then is condensed in the condenser. The cooling water
leaving the condenser can be heated to a temperature (46 C) suitable for domestic washing and under-
ﬂoor heating etc. Testing results of the micro-CHP system with a 50 kWth biomass-pellet boiler are ana-
lysed and presented in this paper. The current micro-CHP generated 861 W electricity and 47.26 kWth
heat, corresponding to electricity generation efﬁciency of 1.41% and CHP efﬁciency of 78.69%. Further
improvements on the performance of the expander and the alternator assembly as well as the design
of the biomass boiler’s heat exchanger need to be addressed in the future.
 2012 Elsevier Ltd. Open access under CC BY license.1. Introduction
The continual uses of fossil fuels to meet our ever-increasing
energy demands have led to environmental pollution to air, water
and land. Renewable energy sources are alternatives to the deplet-
ing fossil fuels and offer improved security of our future energy
supply. Biomass energy, a traditional renewable energy source,
currently ranks fourth worldwide providing approximately 14%
of the world’s primary energy supply. In developing countries, bio-
mass accounts for approximately 35% or higher of the primary en-
ergy supply [1]. Combustion is the most widely used technology to
convert bulky, solid biomass feedstock into useful forms of energy
due to its simplicity and maturity. Although biomass combustion
releases carbon dioxide (CO2), similar to the combustion of fossil
fuels, it is a CO2 neutral process as the same amount of CO2 in
the atmosphere was absorbed by the growing biomass plants via
photosynthesis a short time (ca. a year to 10 years) ago. In addition,
the emissions of SOx and NOx from the combustion of manyY license. 
: +44 115 9513159.
.biomass fuels are insigniﬁcant, particularly compared to coal
combustion. The ever-increasing global energy demand, depleting
fossil fuel reserves and global warming require a further increase
in biomass energy utilisation for distributed electricity generation
and domestic heating in both developing and developed countries.
Biomass-fuelled CHP systems can efﬁciently convert biomass
chemical energy into electricity and heat. Biomass energy has its
advantage of continuity over the intermittence of solar energy
and wind energy. In considering the merits of biomass energy,
biomass-fuelled CHP systems have the potential to solve the
energy trilemma, i.e., security of supply, affordability of energy
and environmental protection [2].
Biomass CHP systems have received a great deal of attention
over the past decade [3–5]. Large and medium-scale CHP plant
technologies based on biomass combustion have now reached a
high level of maturity. Biomass CHP plants larger than 2000 kWe,
mostly based on biomass combustion and using steam turbines
to produce electricity, have been in commercial applications for
over a decade [4,5]. However, high temperature and high pressure
steam as the working ﬂuid of a steam Rankine Cycle turbine for a
smaller CHP system would result in not only an expensive complex
Nomenclature
CV caloriﬁc value of biomass fuel (Wh/kg)
h organic working ﬂuid enthalpy (kJ/kg K)
hevap_in water enthalpy at the inlet of evaporator (kJ/kg)
hevap_out water enthalpy at the outlet of the evaporator (kJ/kg)
hcond_in water enthalpy at the inlet of condenser (kJ/kg)
hcond_out water enthalpy at the outlet of the condenser (kJ/kg)
_m organic working ﬂuid mass ﬂow rate (kg/s)
_Mburn biomass consumption rate (kg/h)
_mh w hot water ﬂow rate (kg/s)
_mc w cooling water ﬂow rate (kg/s)
Pex_in pressure at expander inlet (bar)
Pex_out pressure at expander outlet (bar)
Qburn thermal input to the biomass boiler (kW)
Qc_w heat absorbed by cooling water in the condenser (kW)
Qin heat entering ORC from boiler (kW)
Wele electric power output (kW)
Wnet net work of ORC (kW)
Wp work of the pump (kW)
Wex ideal work output of the expander (kW)
Wex_act actual work output of the expander (kW)
Greek letters
gboiler biomass boiler efﬁciency
gCHP total CHP efﬁciency
gele electrical efﬁciency
gg generator (alternator) efﬁciency
gORC thermal efﬁciency of ORC
gex expander efﬁciency
gth thermal efﬁciency
G. Qiu et al. / Fuel 96 (2012) 374–382 375system but also safety concerns for some users. In the medium-
scale power range (200–2000 kWe) and small-scale range
(<200 kWe), a suitable organic ﬂuid, instead of water/steam, can
be used as the working ﬂuid of a Rankine cycle turbine due to its
technological suitability and economic sustainability. CHP systems
with organic Rankine cycle (ORC) operate at lower pressures and
temperatures than CHP systems with steam turbines, reducing sys-
tem cost and complexity and alleviating safety concerns. The med-
ium-scale biomass-ﬁred ORC-based CHP plants have already been
successfully demonstrated in Admont (400 kWe) and Lienz
(1000 kWe) [1,4], which use silicon oil as working medium and
thermo-oil as heating medium, achieving ca.18% electrical efﬁ-
ciency and 80% overall CHP efﬁciency. Although ORC-based power
generation has been widely applied to the power generation from
low temperature heat sources, such as the recovery of industrial
waste heat, geothermal heat and solar heat with a size as small
as a fraction of 1 kWe [6], few have investigated the development
of micro-scale biomass-ﬁred ORC-based CHP units (<10 kWe)
which have a great potential to meet the energy needs of residen-
tial buildings. The authors are currently developing and evaluating
a 1 kWe micro-scale biomass-ﬁred ORC-based CHP system in the
University of Nottingham [1]. This paper presents the latest results
of the on-going laboratory testing of the micro-CHP system.2. The proposed biomass-ﬁred micro-CHP with ORC
2.1. Organic Rankine cycle for biomass-ﬁred micro-CHP system
Onmany occasions, organic Rankine cycle engines were rejected
with CHP systems because of their relatively low electrical conver-
sion efﬁciency. However, as electrical efﬁciency comes to be consid-
ered a less important issue for micro-CHP, organic Rankine cycle
engines are again phased in due to their relative simplicity (low
costs), favourable durability and performance characteristics.
Fig. 1 shows the ORC layout and T–S chart of the proposed bio-
mass-ﬁred micro-CHP system. The proposed micro-CHP system
mainly consists of two cycles: the hot water cycle heated by a bio-
mass boiler and the organic Rankine cycle. The heat released from
the combustion of biomass inside the biomass boiler is used to heat
thewater through theboiler heat exchangers,whereas thehotwater
is used to heat the ORC working ﬂuid into vapour in the evaporator.
The generated organic vapour drives the expander to rotate an elec-
tric generator, producing power. The working ﬂuid at the expander
exhaust releases someheat through the recuperator to heat the con-
densed ORC ﬂuid and then is condensed in the condenser andpumped back to the evaporator, beginning a new cycle. The cooling
water leaving the condenser is heated and can be used for domestic
washing, hot water supply or under-ﬂoor heating etc. The total CHP
efﬁciency of the proposed micro-CHP system has been predicted to
be able to reach 80% or higher and the electrical efﬁciency to 10% or
higher [7,8]. Themodellingalso showed that the electric efﬁciencyof
the micro-CHP system could be increased by using internal heat
recuperation [7], minimising superheating of the ORC vapour at
the expander inlet and minimising subcooling of the ORC liquid at
the condenser outlet [7,8].As can be seen fromFig. 1, the Rankine cy-
cle is a closed loop cycle. Therefore, mass conservation of working
ﬂuid and the ﬁrst law of thermodynamics can be applied to the anal-
yses of the ORC at steady state. The ideal work output of the expan-
derWex and work of the pumpWp can be expressed as:
Wex ¼ _mðh4  h5Þ ð1Þ
Wp ¼ _mðh2  h1Þ ð2Þ
where _m is the working ﬂuid mass ﬂow rate (kg/s).
The net work of the ORC can be expressed as:
Wnet ¼ Wex Wp ¼ _m½ðh4  h5Þ  ðh2  h1Þ ð3Þ
The heat transfer supplied by the biomass boiler via the evapo-
rator is:
Qin ¼ _mðh4  h3Þ ð4Þ
The thermal efﬁciency of the ORC can be expressed as the net
work of the ORC divided by the heat input into the ORC:
gORC ¼
Wnet
Qin
ð5Þ
The expander efﬁciency is the ratio between the actual work
output and the ideal work output and can be expressed as:
gex ¼
Wex act
Wex
¼ h4  h5’
h4  h5 ð6Þ
The generator (alternator) efﬁciency gg can be expressed as the
power output Wele divided by the actual work output from the ex-
pander (i.e. shaft power),
gg ¼
Wele
Wex act
¼ Wele
_mðh4  h50 Þ
ð7Þ
where Wele is evaluated by the electric load.
For the hot water loop, the biomass boiler efﬁciency can be de-
ﬁned as the ratio between the heat released by the hot water
through the evaporator and the thermal input to the boiler,
Fig. 1. Biomass-ﬁred CHP: organic Rankine cycle layout and T–S chart.
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Qh w
Qburn
¼ _mh wðhevap in  hevap outÞ
Qburn
ð8Þ
where _Dh w is hot water ﬂow rate; hevap_in and hevap_out are hot water
enthalpies at the inlet and outlet of the evaporator, respectively.
Qburn can be calculated with the biomass consumption rate _Mburn
and the caloriﬁc value (CV) of the biomass fuel:
Qburn ¼ _Mburn  CV ð9Þ
The boiler efﬁciency is to be evaluated on low heating value
(LHV) and hence CV in the above equation is replaced by LHV.
The heat absorbed by the cooling water in the condenser is:
Qc w ¼ _mc wðhcond out  hcond inÞ ð10Þ
where _mc w is cooling water ﬂow rate; hcond_out and hcond_in are cool-
ing water enthalpies at the outlet and inlet of the condenser, respec-
tively.Therefore, the electrical efﬁciency gele, thermal efﬁciency gth
and total CHP efﬁciency gCHP can be assessed as [9]:
gele ¼
Wele
Qburn
ð11Þ
gth ¼
Qc w
Qburn
ð12Þ
gCHP ¼ gele þ gth ¼
Wele þ Qc w
Qburn
ð13Þ2.2. Selection of expander and organic working ﬂuid for the organic
Rankine cycle
In order to improve the cycle efﬁciency, the selections of the ex-
pander and working ﬂuid are of considerable importance to the
biomass-ﬁred ORC-based micro-CHP system. Recently, Qiu et al.
[2] reviewed the state-of-the-art of micro-scale ORC expanders
and concluded that scroll expanders and vane expanders were
likely to be the good choices for 1–10 kWe micro-CHP systems. Le-
mort et al. [10] and Quoilin et al. [11] investigated a scroll expan-
der integrated into an organic Rankine cycle. Peterson et al. [12,13]
studied a micro-scale scroll expander using different refrigerants
(R123 and R134a) to achieve different testing results. Pei et al.
[14] investigated the performance of a made-in-house radial-axial
expander integrated into an organic Rankine cycle. Recently vane
expanders for micro-CHP systems have received great interests
and have been applied to transcritical CO2 refrigeration cycles
[15–23]. Peng and Yang et al. [15–17] and Jia et al. [18] investi-
gated their made-in-house vane expanders experimentally and
theoretically. Liu et al. [19] simulated a semi-hermetic scroll ex-pander-generator with the ORC to convert the thermal energy from
high-pressure vapour into electricity directly. A revolving piston-
vane expander was used in the transcritical CO2 refrigeration cycle
by Subiantoro and Tiow [20], Subiantoro and Ooi [21] and Li et al.
[22]. Wang et al. [23] used the made-in-house revolving piston-
vane expander and working ﬂuid R245fa in an organic Rankine cy-
cle to achieve an average shaft power output of 1.64 kW and an
average isentropic efﬁciency of 45.2% driven by the low-tempera-
ture solar thermal energy at a low working pressure.
Currently a micro-scale expander for organic working ﬂuids is
not commercially available and therefore a replacement of expan-
der, modiﬁed from an air motor, is used in the present experimen-
tal setup [2]. The air motor, also called compressed-air-driven
vane-type air expander, is of the volume type. The air motor-mod-
iﬁed expander works on the reverse working principle of a vane-
type compressor, as shown in Fig. 2. Expansion takes place when
the chamber spaces between the sliding vanes in a rotor increase
as the rotor turns clockwise within an eccentric cylinder (housing).
The rotor has 4 longitudinal slots in which the vanes slide freely
and move outward by centrifugal force against the cylinder wall
of the stator. The highly compressed organic working ﬂuid vapour
rushes into the inlet port to form a chamber (A) and rotates the ro-
tor. The trapped vapour is expanded as the volume of the chamber
increases until the leading vane of the chamber passes the outlet
port. The vapour volume expansion results in the pressure differ-
ences among the chambers, which drive the rotor turning.
For a safe and efﬁcient system, the selection of working ﬂuids is
another important issue to achieve energy-efﬁcient ORC. Com-
pared with conventional water steam cycles, an organic ﬂuid with
lower working pressure and temperature means better safety for
domestic applications. Three different types of slope in the satura-
tion vapour curves of T–S diagrams may categorise organic ﬂuids
into three groups [24]: dry ﬂuids which have positive slope and
generally of high molecular mass; isentropic ﬂuids which have
nearly vertical saturation vapour curves and commonly of medium
molecular mass; wet ﬂuids which have negative slope and are of
low molecular mass. The dry or isentropic ﬂuids in the expander
are generally vapour or superheating vapour without the danger
of damaging the expander, but wet ﬂuids with the condensate
droplets in the expander, such as water, are inappropriate for ORC.
Working ﬂuid selection for ORC has been investigated by many
researchers [25–30]. Generally, the criteria to select a suitable
working ﬂuid are mainly based on the ORC application (e.g. the
heating source characteristics) and the ﬂuid’s properties such as
boiling temperature, expansion in superheating state, heat of
vaporisation, heat transfer characteristics, toxicity, ozone deple-
tion, thermal stability and ﬂammability, as well as the ﬂuid’s
cost. Several possible organic working ﬂuids for various ORC
Fig. 2. Vane-type air motor as an expander [2].
Table 1
Main thermodynamic properties of organic ﬂuids and water (in order of decreasing boiling points).
Fluid name Molecular formula M (g/mol) Tbp (C) Tcrit (C) Pcrit (MPa) Vaporisation heat Hfg at 1 bar (kJ/kg) Saturation dome shape
Water H2O 18 100 373.95 22.06 2257 Wet
HFE71000 CH3OC4F9 250 61 195.3 2.23 112 Dry
R-601 (n-pentane) CH3(CH2)3CH3 72 35.5 196 3.36 358.7 Dry
HFE7000 CH3OC3F7 200 34 165 2.48 142 Dry
R123 C2HCl2F3 152.9 27.8 183.7 3.66 170.3 Dry
R245fa CF3CH2CHF2 134 15 154 3.64 196.9 Isentropic
G. Qiu et al. / Fuel 96 (2012) 374–382 377applications are characterised and compared with water in Table 1.
Mago et al. [31] investigated the effect of the ﬂuid boiling point
temperature on the performance of ORCs. The working ﬂuids under
investigation included R134a, R113, R245ca, R245fa, R123, isobu-
tene and propane, with boiling points between 42.09 and
47.59 C. They found the ﬂuid that showed the best thermal
efﬁciency was the one that has the highest boiling point among
the selected ﬂuids (R113, boiling point 47.59 C), whereas the ﬂuid
that showed the worst thermal efﬁciency has the lowest boiling
point temperature (propane, boiling point 42.09 C). They con-
cluded that the higher the boiling point temperature of the organic
ﬂuid the better the thermal efﬁciency that can be achieved by the
ORC. It should be noted that R113 has a very high ozone depleting
potential (ODP) and was phased out in 1996 by the Montreal pro-
tocol. As a consequence of phasing out R113, R123 has been widely
applied in the ORC-based micro-CHP systems [10–12,14]. How-
ever, R123 also has the problem of a non-null ODP and will be
phased out at the latest in 2030 depending on national legislations.
HFE7000 may replace R123 in some applications due to its zero
ODP [32].
As HFE7000 and HFE7100 have zero ODPs, appropriate boiling
points at 34 C and 61 C, heat of vaporisation at 142 kJ/kg and
112 kJ/kg, respectively, and other favourable thermodynamic prop-
erties, they have been selected and tested by the authors as the
working ﬂuids of the micro-CHP system under investigation.3. Experimental setup
So far, the testing of the micro-CHP system has been conducted
with three different hot water boilers: a 9 kW electric boiler, a
25 kWth biomass boiler [1] and a 50 kWth biomass boiler, respec-
tively. The electric boiler can provide the ORC with the stable heat
output but it can only provide a maximum heat output of 9 kW,
with the maximum temperature of the hot water being at 115 C.The maximum electric power generated by the micro-CHP driven
by the electric boiler was only 96 W [1]. The 25 kWth biomass boi-
ler, which is able to supply hot water at the maximum temperature
of 115 C, was used to replace the electric boiler and this led to bet-
ter electric power output at 284W [1]. After further improvement
with individual components of the micro-CHP system such as big-
ger heat exchangers for evaporator and recuperator and better pipe
connections between the expander and the heat exchangers, the
micro-CHP system has been further tested with a 50 kWth biomass
boiler which was designed with the aim to provide hot water at the
maximum temperature of 180 C. Although two organic working
ﬂuids (HFE7100 and HFE7000) were initially tested with the bio-
mass boilers, the power output was always somewhat higher (ca.
10% more power output) when HFE7000 was used as the working
ﬂuid under otherwise identical experimental conditions. As one of
the main aims of the research was to maximise the power output
of the micro-CHP system, HFE7000 was chosen as the main ORC
working ﬂuid with the 50 kWth biomass boiler tests. This paper
presents the latest experimental results of the micro-CHP system
tested with the 50 kWth biomass boiler.
3.1. The experimental micro-CHP system
The experimental micro-CHP system consists of three loops: the
closed hot water loop, the closed organic Rankine cycle loop and
the open cooling water loop, as shown in Fig. 3, where tempera-
tures and pressures are labelled at main points in a typical CHP
test. The hot water transfers heat from the biomass boiler into
the ORC through the evaporator and the superheater – the two
compact brazed plate heat exchangers. Hot water pump is
mounted at the inlet of the biomass boiler since it is only able to
withstand maximum operating temperature of 110 C. A recupera-
tor, a reservoir, a sight glass and a receiver vessel with vacuum
pump are applied in the organic Rankine cycle loop. As predicted
by thermodynamic modelling [7], the recuperator can improve
Fig. 3. Schematic of biomass-ﬁred micro-scale CHP system with ORC.
Fig. 4. 50 kWth wood pellet boiler and its combustion chamber and ﬂame.
378 G. Qiu et al. / Fuel 96 (2012) 374–382the ORC efﬁciency. The vertical section of the 28 mm in diameter
pipe is used as the reservoir of the organic working ﬂuid vapour.
The reservoir can stabilize the pressure of the organic working ﬂuid
vapour and return the possible condensate of the organic working
ﬂuid back to the superheater along its inner wall. The quality of the
organic working ﬂuid vapour can be observed via the sight glass to
ensure only vapour entering the expander. The receiver vessel can
store the organic liquid where liquid level can be observed by the
transparent liquid level indicator. Before starting the boiler to heat
the CHP system, the vacuum pump can be used to vacuum the ORCloop. Replacing the vacuum pump with a bottle of organic working
ﬂuid, the evacuated receiver vessel can suck in the organic ﬂuid
and this is used as a means to top up the working ﬂuid amount
in the ORC loop. Fig. 4 shows the 50 kWth wood pellet boiler used
in the present experimental CHP system. The wood pellets are
transported automatically by a screw auger conveyor from the
hopper to the furnace. The biomass combustion is controlled with
the primary air supply from the holes on the wall of the combus-
tion bed and the second air supply from the four pipe jets around
the ﬂame. The mains water is used to cool the organic vapour
Fig. 5. Electric output circuit for the micro-CHP system.
Table 2
Excitation and power output of the alternator (Bosch alternator 140 A, 14 V).
Switch name Switch
1
Switch
2
Key
switch
Switch K1,
K2,. . .,Kn
Alternator excitation On Off On Off
Battery charging On Off Off Off
Load output Off On Off On
Batter charging & load
output
On On Off On
G. Qiu et al. / Fuel 96 (2012) 374–382 379through the condenser and the resulting warm water’s tempera-
ture is continuously measured during testing.
An automotive alternator (Bosch alternator 140 A, 14 V) is dri-
ven by the expander to generate DC current and voltage. To mea-
sure the power output and to excite the alternator, an
appropriate alternator circuit has been set up as shown in Fig. 5.
A DK current transducer and voltmeter are connected to the data-
taker DT80 so that transient currents and voltages are recorded by
a computer. A mechanical ammeter and voltmeter are also used to
indicate the current and voltage. In order to excite the alternator,
Switch 1 (Fig. 5) is kept on at ﬁrst and then the Key Switch
(Fig. 5) is switched on. While the alternator produces magnetic
ﬁeld, the expander rotation speed decreases sharply. Other cases
for the states of the electric switches are listed in Table 2. With
the load output state, i.e. with the load – DC bulbs being added,
the total current output may increase but the voltage may de-
crease. An optimal match of the current and the voltage can lead
to the maximum electric output as the electric output is the prod-
uct of the current and the voltage.3.2. Experimental procedures
Before the biomass boiler is ignited, the hot water loop is ﬁlled
up with mains water. The amount of organic working ﬂuid in the
ORC loop is adjusted to ensure that the liquid level in the receiver
vessel reaches the pre-determined minimum level – if there is not
enough organic working ﬂuid in the ORC loop and the receiver ves-
sel, the organic working ﬂuid pump will not be able to keep the
ﬂuid continuously cycling within the loop. After the boiler is
started, the hot water temperature rises up gradually. As soon as
the set temperature of the hot water of the boiler is reached, the
ORC performance testing (with no excitation of the alternator
and hence without power generation) of the CHP system can be
started by switching on the organic working ﬂuid pump with a gi-
ven load setting. The pump load setting may be changed from 1% to
100% of its capacity by an electric controller. The rotation speed of
the expander will increase with increasing the pump load setting
until there is organic working ﬂuid moisture appearing at the inlet
of the expander when the ORC performance testing is usually
stopped. With the current experimental CHP system, the organic
working ﬂuid moisture would not appear at the inlet of the expan-
der if the hot water ﬂow rate is kept at 28.27 l/m and the hot watertemperature is at 127 C or above, even at the pump load of 100%.
After the ORC performance testing, electricity generation testing of
the CHP system can be carried out with the alternator being ex-
cited and the organic working ﬂuid pump being set at 100% or an-
other appropriate level of its capacity. Different electric loads can
lead to various electric power outputs with a ﬁxed organic working
ﬂuid pump load setting.4. Results and discussion
4.1. ORC performance test without power generation
Before the alternator is excited, the ORC performance may be
examined in the different refrigerant pump capacity. The main
aims to carry out the ORC performance testing are to quickly exam-
ine the variations of the parameters (e.g. RPM of the expander, the
pressure at the expander inlet, the pressure drop over the expander
and the refrigerant ﬂow rate) with increasing refrigerant pump
capacity, as shown in Table 3 and Fig. 6, and to compare the param-
eter variations with and without power generation at the same
refrigerant pump capacity. For instance, the refrigerant pump
capacity was set at 65%, 70%, 75%, 85%, 90%, 95% and 100%, all
the parameters, such as temperatures, pressures, the organic work-
ing ﬂuid ﬂow rate, would accordingly vary, as shown in Table 3.
Although the biomass boiler was designed with the aim to supply
hot water with the maximum temperature of up to 180 C, it has
been unable to generate hot water at a temperature of anywhere
near 180 C with any of the 3 hot water pump ﬂow settings. When
the maximum hot water temperature was set at 145 C with the
boiler control panel, the actual maximum boiler outlet water tem-
perature that could be achieved was 128.9 C (Table 3) with the
present settings of the CHP system. As the actual hot water tem-
perature could not reach the setting point of 145 C, the boiler
would not stop or reduce its load but instead continuously oper-
ated at its designed load, providing a stable heat to the organic
Rankine cycle which can be considered as somewhat beneﬁcial
for the evaluation of the micro-CHP system. If the boiler hot water
temperature is set at a lower point, for example, 120 C, the boiler
will reduce its load and stop operation for a while after reaching its
set point of the hot water temperature and re-start operation after
the hot water temperature drops by 2 C below the set point. Dur-
ing the interval between the stop and the restart, termed as ‘idle
period’, the boiler can emit a signiﬁcant amount of carbon monox-
ide as quantitatively proved by the measurements with the
25 kWth biomass boiler [33]. Therefore, the operation of the bio-
mass-ﬁred micro-CHP should be closely matched with the load de-
mands of its user so that the idle period can be minimised,
consequently minimising CO emissions. Although the hot water
temperature could not rise to the set point of 145 C, the organic
working ﬂuid ﬂow rate, RPM of the expander and the pressure of
the ORC increase with increasing the refrigerant pump capacity,
as shown in Fig. 6. At the organic working ﬂuid pump capacity of
100%, the organic working ﬂuid states may be illustrated by the
T–S chart as shown in Fig. 7. The thermodynamic properties of
the organic working ﬂuid – HFE7000 in Fig. 7 were predicted by
use of the EES software [34]. EES stands for Engineering Equation
Solver and is a general equation-solving program that can numer-
ically solve thousands of coupled non-linear algebraic equations
[34]. A major feature of EES is the high accuracy thermodynamic
and transport property database that is provided for hundreds of
substances (including HFE7000 and HFE7100) in a manner that al-
lows it to be used with the equation solving capability of the Soft-
ware [34]. The shape of the working T–S chart differs from the ideal
one in Fig. 1 as the real working system has some irreversible
losses (such as pressure losses).
Table 3
Typical variations of ﬂow rate, temperature & pressure in ORC under various pump capacities of an ORC performance test (without power generation).
ORC pump capacity (%) 65 70 75 85 90 95 100
Expander RPM 1215 1228 1326 1588 1655 1677 1700
Alternator RPMa 2408 2434 2628 3147 3280 3324 3369
HFE7000 ﬂow rate _m (kg/min) 12.54 13.65 14.59 16.34 17.50 18.44 19.18
Boiler inlet water T (C) 95.9 99.8 101.8 101.3 100.3 98.7 96.6
Boiler outlet water T C 117.8 123.0 126.5 128.9 128.8 128.0 126.6
Expander inlet HFE7000 T (C) 116.2 121.3 124.6 126.6 126.3 125.3 123.2
Expander outlet HFE7000 T (C) 109.8 116.7 120.8 123.1 123.3 122.6 120.6
Total evaporator inlet HFE7000 T (C) 75.2 78.6 80.3 80.3 80.6 81.4 81.4
Total superheater outlet HFE7000 T (C) 117.2 122.3 125.7 128.0 127.8 127.0 125.0
Condenser inlet water T (C) 4.9 4.8 4.7 4.6 4.9 4.9 5.0
Condenser outlet water T (C) 42.4 44.5 47.6 47.1 46.2 48.0 48.6
Expander inlet HFE7000 Pt_in (bars) 3.955 4.150 4.204 4.123 4.197 4.324 4.424
Expander outlet HFE7000 Pt_out (bars) 3.391 3.548 3.580 3.249 3.312 3.373 3.467
Expander pressure ratio, Pt_in/Pt_out 1.166 1.170 1.174 1.269 1.267 1.282 1.276
Total evaporator inlet HFE7000 P (bars) 5.027 5.39 5.584 5.837 6.014 6.228 6.391
Total superheater outlet HFE7000 P (bars) 4.836 5.098 5.184 5.26 5.404 5.653 5.862
a Calculated from the measured RPM of the expander.
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Fig. 6. Variations of the alternator RPM, organic working ﬂuid ﬂow rate and
pressure at the pump outlet with the pump capacity (without alternator excitation).
Fig. 7. HFE7000 working T–S chart without alternator excitation at the full pump
capacity (from EES calculations [34]).
380 G. Qiu et al. / Fuel 96 (2012) 374–3824.2. Biomass-ﬁred CHP test results
To start a CHP test, the alternator has to be excited – the exci-
tation of the alternator makes it possible to transform the mechan-
ical energy of the expander (i.e. the shaft power of the expander) to
electrical power. After the excitation, with the biomass boilercontinuously operating (with a hot water temperature set point
of 145 C) and the organic working ﬂuid pump operating at its full
capacity, different electric loads could be connected to the output
of the alternator and this led to not only different amounts of elec-
tricity generated but also different ORC temperatures and pres-
sures as shown in Table 4 and Fig. 8, respectively. With a
thermal input of 61.2 kW (calculated from the measured biomass
pellet consumption rate – 12.73 kg/h and the low heating value
of the biomass pellets – 4.8 kWh/kg) to the biomass boiler, the
maximum electric power output of 860.7 W (12.08 V, 71.24 A)
had been achieved with the electric load of 15 of 50 W-rated DC
bulbs and 8 of 20W-rated DC bulbs connected in parallel. The cor-
responding heat output with the cooling water ﬂow of the con-
denser was found to be 47.26 kWth as the cooling water was
heated from 5.0 C to 46.2 C at a ﬂow rate of 17 l/min. While the
main temperatures and pressures measured under the conditions
that had led to the maximum electric power output have already
been shown in Fig. 3, the corresponding HFE7000 working T–S
chart is shown in Fig. 9. Compared with the cases of 100% organic
working ﬂuid pump capacity in Table 3, Table 4 shows that the ex-
cited alternator RPM decreases sharply to nearly half of the RPM
without the excitation, but the expander inlet pressure increases
obviously and accordingly the expander pressure ratio increases,
which results in the difference of T–S charts seen in Figs. 7 and
9. The other main ORC and system performance parameters with
the case of the maximum power output of 860.7 W are also shown
in Table 4.
The electricity generation efﬁciency of 1.41% is much smaller
than that predicted by the thermodynamic modelling [7,8]. With
an evaporator temperature of ca. 120 C, the thermodynamic mod-
elling predicted that the electrical efﬁciency of 8–9% [7,8]. There
are two main factors responsible for the apparent difference in
the electrical generation efﬁciency between the present experi-
ments and the thermodynamic modelling: (1) the model assumed
the expander efﬁciency of 85% [7,8], but the experimental results
show that it is only 53.92%; (2) the model assumed that the alter-
nator efﬁciency of 90% [7,8] but the experimental results show that
it is only 50.94%.
The lack of commercially available micro-expanders is one of
the main constraints for the development of micro-scale ORC-
based CHP system. The use of the low cost and compact air mo-
tor-modiﬁed expander in the present experimental system proved
to be feasible and successful [2] but the relatively low expander
efﬁciency of ca. 54% is a concern. On the other hand, the connection
between the expander and the alternator by a pulley and belt
assembly is nowhere near ideal – the alternator efﬁciency of ca.
Table 4
Variations of parameters of ORC and power output under different electric loads with full refrigerant pump capacity.
Test cases: electric loads 1: 17
50W bulbs
2: 18
50W bulbs
3: 19
50 W bulbs
4: 15 50 W
bulbs + 8
20 W bulbs
5: 16 50W
bulbs + 8
20W bulbs
6: 19 50 W
bulbs + 8
20W bulbs
Expander RPM 860 856 849 854 852 841
Alternator RPMa 1705 1697 1683 1693 1689 1667
HFE7000 ﬂow rate _m (kg/min) 18.43 18.43 18.43 18.43 18.43 18.43
Boiler inlet water T (C)b 99.2 99.3 98.9 99.2 99.0 99.3
Boiler outlet water T (C) 126.9 126.9 126.3 126.9 126.4 126.9
Expander inlet HFE7000 T (C) 118.6 118.7 117.5 118.6 117.5 118.5
Expander outlet HFE7000 T (C) 108.7 108.7 107.5 108.6 107.3 108.4
Total evaporator inlet HFE7000 T (C) 84.8 85.1 84.9 85.3 85.3 85.2
Total superheater outlet HFE7000 T (C) 120.2 120.2 118.9 120.2 118.9 120.0
Condenser inlet water T (C) 5.0 5.0 5.0 5.0 5.0 5.0
Condenser outlet water T (C) 45.8 45.9 45.6 46.2 45.5 45.8
Expander inlet HFE7000 Pt_in (bars) 6.649 6.66 6.669 6.674 6.699 6.724
Expander outlet HFE7000 Pt_out (bars) 3.22 3.219 3.206 3.236 3.218 3.21
Expander pressure ratio, Pt_in/Pt_out 2.065 2.069 2.080 2.063 2.080 2.095
Total evaporator inlet HFE7000 P (bars) 7.651 7.671 7.652 7.687 7.685 7.702
Total superheater outlet HFE7000 P (bars) 7.554 7.575 7.567 7.582 7.596 7.612
Electric power output, W 857.9 855.7 845.1 860.7 851.1 821.8
Expander shaft power output, kW 1.690 1.690 1.659 1.690 1.720 1.690
Expander efﬁciency % 53.40 52.88 52.94 53.92 55.45 52.38
Alternator efﬁciency % 50.77 50.64 50.94 50.94 49.47 48.64
ORC efﬁciency % 3.76 3.77 3.73 3.78 3.89 3.78
Boiler efﬁciency % 80.89 80.80 79.91 80.85 80.30 80.52
Electricity generation eff.% 1.40 1.40 1.38 1.41 1.39 1.34
Thermal efﬁciency % 76.63 76.63 76.05 77.28 76.06 76.56
Biomass CHP efﬁciency % 78.03 78.03 77.43 78.69 77.45 77.91
a Calculated from the measured RPM of the expander.
b Hot water ﬂow rate – 28.27 l/m, biomass consumption rate – 12.74 kg/h, low heating value of the biomass fuel – 4.8 kWh/kg.
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Fig. 9. HFE7000 working T–S chart with electricity generation at the full pump
capacity (from EES calculations [34]).
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ferent connection between the expander and alternator such as di-
rect coupling may be considered in the future.
In addition, the current designs, particularly the heat exchanger,
of the 50 kWth biomass boiler used in the present study need to be
modiﬁed in order to improve ORC efﬁciency. Thermodynamic
modelling of the proposed micro-CHP system has shown that the
ORC efﬁciency increases with the evaporator temperature [7,8].
The maximum hot water temperature achieved with the 50 kWth
biomass boiler is signiﬁcantly lower than that was aimed for with
the original design. The traditional single water-path type of heat
exchanger which was used with the 50 kWth boiler and many other
domestic biomass boilers is not likely able to produce hot waterwith the temperature up to 180 C and hence a new concept of heat
exchanger for the biomass boiler such as a multi-water-path heat
exchanger may be needed.
5. Conclusions
A micro-scale biomass-ﬁred CHP with ORC has been con-
structed and tested with a 50 kWth biomass boiler. The experimen-
tal setup and the latest experimental results are presented and
discussed in this paper. The excitation of the alternator leads to a
sharp decrease of the expander rotation speed and increases in
the expander inlet pressure and expander pressure ratio. However,
the excitation of the alternator is necessary for the transformation
of the expander’s mechanical energy to electricity. The experimen-
tal results show that the current biomass-ﬁred ORC-based micro-
382 G. Qiu et al. / Fuel 96 (2012) 374–382CHP system can generate electricity of 860.7 W and heat of
47.26 kWth, corresponding to electricity generation efﬁciency
1.41% and CHP efﬁciency 78.69%. Under the conditions of achieving
the above maximum power output, the efﬁciencies of the other
main devices in the CHP system are the expander efﬁciency of
53.92%, the alternator efﬁciency of 50.94%, the boiler efﬁciency of
80.85% and the ORC efﬁciency of 3.78%.
The current biomass-ﬁred CHP system has lower power output
efﬁciency than that predicted by the thermodynamic modelling –
the relatively low expander efﬁciency and low alternator efﬁciency
of the current experimental system are the main factors that need
to be addressed in the future. In addition, a new design of heat ex-
changer for the biomass boiler is also needed in order to generate
hot water with the temperature up to 180 C.Acknowledgements
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